Five years of geodetic monitoring data are processed to evaluate recurrent sliding at Dunaszekcső, which are characteristic geomorphological processes affecting the high banks of the Middle Danube valley in Hungary. The integrated geodetic observations provide accurate three dimensional coordinate time series, and these data are used to calculate the kinematic features of point movements and rigid body behavior of point blocks. Additional datasets are borehole tiltmeter and hydrological recordings of the Danube and soil water wells. These data, together with two dimensional final element analyses, are utilized to gain a better understanding of the physical, soil mechanical background and stability features of the high bank. Here we show that the main trigger of movements appears to be the changing groundwater levels, which have an effect an order of magnitude higher than that of river water level changes. Varying displacement rates of the sliding blocks are interpreted as having been caused by basal pore water pressure changes originating from shear zone volume changes, floods of the River Danube through later seepage and rain infiltration. Both data and modeling point to the complex nature of bank sliding at Dunaszekcső. Some features imply that the movements are rotational, some reveal slumping. By contrast, all available observational and modeling data point to the retrogressive development of the high bank at Dunaszekcső. Regarding mitigation, the detailed analysis of three basic parameters (the direction of displacement vectors, tilting, and the acceleration component of the kinematic function) is suggested because these parameters indicate the zone where the largest lateral displacements can be expected and indicate the advent of the rapid movement phase of sliding that affect high banks along the River Danube.
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Introduction
Mass movements are considered the major geomorphic processes that govern the morphological evolution of high banks along the River Danube on both shorter and longer timescales. In Hungary abrupt and disastrous landslides along the river were documented and their possible mechanisms were explained from geomorphic-hydrogeological point of view in the last century (e.g. Domján, 1952; Kézdi, 1970; Horváth and Scheuer, 1976; Scheuer, 1979) . Active sliding phases commenced owing to the likely interplay of high water stands of the Danube, increased precipitation input and anthropogenic activity (Juhász, 1999; Kleb and Schweitzer, 2001; Szabó, 2003; Kraft, 2005) . Such sliding events also occurred during the Medieval and Roman times and a rate of bluff retreat of 5-15 m per 100 years over the last 2,000 years was estimated (Lóczy et al., 1989 (Lóczy et al., , 2012 . Previously, the bank failures were described after the main sliding phase and as yet only one real observational record is available from Hungary which includes deformation monitoring data from close to the initiation to the main phase of a landslide (Újvári et al., 2009) . The morphological evolution of bluffs, however, are affected and ultimately defined by a succession of smaller-larger sliding events and to this end relatively little is known about the high bank deformations even on the short term (some years). In 2008, a large landslide occurred at Dunaszekcső (Újvári et al., 2009 ) and during the subsequent years the movements spread towards the south (Fig. 1) , thereby threatening numerous houses, private properties and infrastructures (Bugya et al., 2011; Mentes et al., 2012) . GPS measurements and precise leveling campaigns were commenced in 2007 and these datasets were complemented with continuous tilt recordings. Subsequently, the monitoring network was extended towards the south and the 3D deformations were measured by a combination of GPS, leveling and total station instruments (Bányai, 2013) . In this study, we address some basic issues of the dynamic evolution of bluffs using the 5-year records of geodetic deformation monitoring (2007) (2008) (2009) (2010) (2011) (2012) , hydrological data and finite element modeling of the high bank at Dunaszekcső. These questions include: 1) what are the main triggers of landsliding, 2) what are the main kinematic and dynamic characteristics of the bank failures, 3) whether a stable, displacement-free equilibrium state between the main sliding phases (dormant phases) exits, i.e. what happens to the sliding blocks after the main phases, and 4) how the measured and calculated parameters of the deformation monitoring may help in taking the appropriate mitigation measures before the main sliding events. By answering these questions we offer a synthesis of bank failure mechanisms at Dunaszekcső and a deeper understanding of the dynamic evolution of high banks along the River Danube.
Study area and methodology

Study area and the geodetic monitoring network
The study area is located in south Hungary at the village of Dunaszekcső, close to the Croatian border (inset of Fig. 1 ). The basement formations at Dunaszekcső are TriassicJurassic limestones located at 200-250 m below the surface (Szederkényi, 1964; Urbancsek, 1977; Moyzes and Scheuer, 1978; Hegedűs et al., 2008) . These basement rocks are covered by clayey and sandy sediments formed in the Pannonian s.l. epoch (equivalent to the Upper Miocene and the Pliocene, 12.6 to ~2.6-2.4 Ma; Rónai, 1985) that can be found below about 70 m deep under the southern monitoring network (SMN, Vár Hill, Fig. 1 ) according to borehole data (Moyzes and Scheuer, 1978; . The uppermost 70 m of the sediment sequence are sandy and clayey loess layers with brown to red fossil soils accumulated during the Pleistocene.
The bluff reaches its highest point (142 m above Baltic Sea level) at SMN where the southern and southernmost parts of the moving blocks are located (SB, SMB, Fig. 1 ). The floodplain of the Danube is very narrow or missing below SMN and northern monitoring network (NMN, Szent János Hill, Fig. 1 ). The bluff consists of a 20-30 m high vertical loess wall above the 10-20 m high slopes that consist of reworked loess from past landslides and fluvial mud, sand and gravel deposits of the Danube. The slopes were intensively undercut by the river during each flood event (Moyzes and Scheuer, 1978; Kraft, 2005) . The younger loess series on top is prone to collapse, while the older loess below is much more compact (Moyzes and Scheuer, 1978; Scheuer, 1979) . The density of the younger loess deposits is around 1.6 g cm −3 (Papp, 2009) , but that of the older loess series and the intercalated paleosols is between 2.0-2.1 g cm −3 , and that of the Pannonian clays and sands reaches 2.16 g cm −3 (Hegedűs, et al., 2008) . The ground water recharged from percolated rainfall and the Lánka Stream resides in the lower part of the young and more porous loess deposits. Because of the sucking effect of the Danube (Moyzes and Scheuer, 1978) , ground water flows to the South-East. Field observations show the development of tension cracks in the loess complex parallel as well as perpendicular to the channel of the Danube, indicating reduced rock strength. The vertical cracks are clearly visible on the roof of the Töröklyuk Cave (Kraft, 2005 (Kraft, , Újvári et al., 2009 ), a unique large natural cavity under northern moving block (NB, Fig. 1 ). Cracking was probably induced by both previous sliding events and recent slumping. Recent tectonic movements may also have influenced this process because tension cracks have also appeared in the apparently intact part of the slope 150-200 m southwards from SB. The geographical and geomorphological settings of the study area are shown in the oblique aerial photo of Fig. 1 , taken in 2008. Scarps and moving blocks of previous sliding events can easily be recognized in this image together with the northern and southern parts of the geodetic monitoring network (NMN and SMN, respectively) . At the beginning of observations in 2007, four reinforced concrete pillars were established and used as a reference network (for further details see Újvári et al., 2009) . Later on, another reinforced concrete pillar was built and involved in the deformation measurements, as part of the reference network. GPS baselines and tilts of the pillars were measured to check their stability and three pillars located closer to the sliding zone were used to determine baselines between the pillars and the smaller benchmarks constituting the monitoring network in the zone of active sliding (Fig. 2) . After the main sliding event (12.02.2008 ), the quality of GPS measurements became very poor on the subsided blocks as the GPS receivers could not record the signal of some GPS satellites due to the new terrain configuration (high vertical walls). To solve this problem, new benchmark points were established on the top of the high bank along the scarps developed in February 2008, and total station measurements were also integrated in the deformation monitoring (Bányai, 2013) . Furthermore, the geodetic monitoring network has been extended towards the south because the southward spread of landsliding was expected (Fig. 2) . Regarding the three-dimensional adjustment of integrated geodetic observations in the WGS-84 coordinate system (used by GNSS techniques), a new adjustment procedure was developed (Bányai, 2013) . All the data were re-adjusted so that the coordinate changes of the pillars were minimized in a least-squares sense with respect to the coordinates adapted in the first (initial) epoch. Results show that the adjusted coordinate components can be characterized by an accuracy of 2-3 mm and the pillars fulfill the stability requirements. Basic results used in this paper are the Cartesian coordinate time series of the monitoring points and the local topocentric coordinate changes (North, East and Up) determined with respect to the first measurement epoch.
Kinematic and dynamic analysis of benchmark points
The kinematic behavior of individual benchmark points can be described by the least-square fit of the known kinematic function ( ) = + ( − ) + ( − ) (1) where ( ) is the investigated coordinate component at the time t, s is the starting value and is the instantaneous velocity at the arbitrarily chosen reference epoch t 0 , is a constant acceleration in the investigated time interval, , , and are the unknowns of the fit. During the presented computations, the measured vertical (Up) time series are divided into properly chosen intervals with the starting epoch as reference (i.e., s 0 and v 0 is referred to t 0 ). Visual inspections and test computations can be used to choose the proper time intervals. Values, to connect the neighboring intervals, can be calculated in two different ways: a) intersection of the functions is constrained between the two neighboring intervals (where the function values are equal), and b) the same expect that first derivative of the two functions should also be equal (smooth junction). A third possibility is when the functions defined for the two neighboring intervals have no connections (discontinuity, ramp).
Inversion of the investigated time series into velocities and accelerations allows the interpretation of processes in terms of Newtonian dynamics. Significant variations in acceleration indicate changes of resulting forces, and significant velocities imply constant resulting forces. In the equilibrium state the sum of acting forces is zero and there are no movements.
Velocity and/or acceleration dominance can be measured by the t-test, i.e. ratio of the estimated components and their standard deviations estimated by least-squares adjustment. Originally, this test is designed and used to statistically investigate whether the estimated values are significantly different from zero if measurement noise is present. If both the velocity and acceleration are equally significant in a given interval, then their impact on the function value in unit time can be taken into account in assessing the dominance of velocity and/or acceleration.
One version of the dynamic Kalman-filter was also implemented. Contrary to (1) it is allowed that can change from epoch to epoch, therefore the state vector of the process is composed of , and triplets referring to the i-th epoch (Teunissen, 2001; Strang and Borre, 1997) . Using the starting values variations of the triplet can be extrapolated for the next epoch. Difference between the extrapolated and measured function values is used to update all three components of the triplet from epoch to epoch. Consequently the Kalman-filter indicates changes in accelerations that can be used to identify intervals of similar characteristics.
Rigid translations, rotations and tilts of moving blocks
Supposing that the group of points behaves as rigid bodies, their characteristics can be investigated by seven parameter similarity transformation:
where the subscripts 0 and i refer to the reference and the investigated epochs respectively, , and are the rigid body translations, is the scale parameter, , and are the finite rotations about the local North, East and Up axes and , and are the rotation matrices. The translations, rotations and scale parameters can also be estimated by the leastsquares adjustment, if at least three benchmark points are available and they are not located along a straight line (Závoti, 2012) . The geometric interpretation of translations and rotation about the vertical (Up) axe is evident: positive rotation (+ ) is clockwise (from north to east). Rotations and can be interpreted as the tilt of the horizontal plane attached to the rigid body in the reference epoch:
= tan ( / ) ,
where and are the North and East tilt components, [ 1] is a normal vector of the tilted plane, is the total (or maximum) tilt and is its azimuth. The parameters and can be measured directly by the borehole tiltmeters at one individual point.
Tiltmeters and hydrological recordings
Two dual-axis borehole tiltmeters (Model 722A, Applied Geomechanics Inc., USA) were applied for continuous tilt registrations (Figs. 1 and 2). The positive tiltmeter axes were oriented to the East and North directions, respectively. Temporal changes of the groundwater level were observed in two wells, one of them (W1) 
where is a correlation coefficient, X is the investigated water level, Y is the investigated tilt component, μ is a sample mean, σ is a sample standard deviation and n is a number of data. The multiple variable linear regressions (MVR) of the investigated tilt component (Y) with respect to the water plane, defined by the data of W1 (DW1), data of W2 (DW2 and DWL data, are calculated by the equation:
where is a constant tilt, , and are the regression coefficients or admittances, which can also be estimated by least-squares adjustment.
Finite element modeling
To better understand the physical/soil mechanical background of the sliding of the high bank at Dunaszekcső, a two dimensional analysis of deformation and stability was performed using the finite element package Plaxis 2D used in soil mechanics. For the modeling of the failure mechanism the Mohr-Coulomb material model and various material properties (Table 1) have been used. The geometric model was based on a cross-section and the geological/morphological data given in Újvári et al. (2009) reflecting conditions of the high bank before the main event (12.02.2008). All of the individual loess, fossil soil, and clay layers were defined by using triangles (15 nodes) and interface (boundary layer) elements (10 nodes). Possible effects of tension cracks were simulated by applying an anisotropic layer in the upper part of the sediment sequence. Another scenario was also tested, when a soft, plastic clayey layer evolves within the Plio-Pleistocene red clays due to excess water causing the slumping of more rigid blocks overlying it. This was done by increasing the shear strength of the uppermost two loess layers from 1 to 1.35, while leaving that of the third, clayey layer unchanged. The effect of anisotropy has also been tested in this model configuration. As a final step in the simulations, strength parameters of the soil were successively reduced until failure of the structure occurred.
Results
Coordinate time series
Six representative topocentric time series for the different blocks are summarized in Fig. 3 . The vertical displacements of point 3003 are similar to that of point 1002 (given in Fig. 3 ). After the main sliding these points were still subsiding on 26.02.2008, later they uplifted and after reaching a maximum height, they were approaching their initial elevations. In fact, they are the nearest points to the scarp. The vertical characteristics of points 3000-3002 and 3004 resemble the point 1003 (given in Fig. 3 ). Subsequent to the main sliding event these points started uplifting and after reaching a maximum in height, these points also returned to their original elevation. Points placed on the southern and northern moving blocks showed rapid subsidence before the main sliding phase (from September 2007 to February 2008). Otherwise, 3D displacements of points 1000, 1006, 2003 and 4002 exhibit similar patterns from 2009 onwards. All these points demonstrate a strong eastern horizontal component in their movements (i.e. towards the Danube River, Fig. 4 ) and even the magnitudes of the subsidence of 1000, 1006, and 2003 are in the same range (Fig. 3) . This observation highlights that the southern moving block moves at a similar pace in vertical sense as the southernmost block (1000, 1001 and 1004-1006), which has been affected by sliding more recently. At the same time, 4002 experienced slower vertical displacement and this is true for other points on the northern moving block, implying a less rapid subsidence of this block. In addition, it is also clearly visible in Fig. 3 that the displacements (e.g. vertical) can be characterized by alternating phases of relatively slow and more rapid movements. This observation can further be corroborated by the numerical investigations, since changes in the velocities and accelerations are regarded as good numerical indicators to define intervals of similar kinematic features. Individual time intervals (Table 2) were chosen by visual inspection and using a Kalmanfilter. The results of kinematic calculations are summarized in Tables 3-5 . It is clearly seen in Fig. 3 that the vertical movements slowed down from late spring to early summer in 2010 and also in 2012. Considering the individual intervals, Ia (Table 2) is dominated by large negative velocities leading to very rapid subsidence (4 to 9 m within 12 hours) in 12.02.2008 and indicating the effects of constant forces. After this main event, the sliding blocks showed quite similar movements to each other. For the northern block, negative velocities with small positive accelerations are dominant, excluding the interval IV, where negative velocities are coupled with significant negative accelerations, indicating the increase of acting forces. During intervals V and VI, the accelerations are positive again indicating the decrease of acting forces. Movements of the southern sliding block resemble those of the northern, but with larger negative velocities. Also the negative accelerations have already been significant in the interval IIIa. For point 2004, both of the components v 0 and a are equally significant, but negative accelerations led to more significant subsidence during unit time. On the southernmost sliding block, points 1000 and 1001 behaved in a unique way. For the interval Ib these benchmark points exhibited practically zero velocities and minor negative accelerations. This holds true for the subsequent interval (II), but the negative accelerations are even smaller. For point 1000, velocities became significant in the intervals IIIb, IV, V, and VI, with increasingly negative accelerations in the first three intervals. For the rest of benchmark points on the southernmost block, negative accelerations are significant in intervals IIIa and IV. These data refer to the increase of acting forces which ultimately led to the initiation of landsliding on the southernmost part of the Vár Hill. Estimated rigid body translation, rotation and tilt parameters of the three sliding blocks are given in Tables 6-8. Tilt curves are plotted in Fig. 5 together with the available tilts recorded by borehole tiltmeters T1 and T2. For the comparison of block rotation and point tilting the measured data of T1 tiltmeter and estimated tilts of block (defined by point group of 400, 1002 and 1003), are also plotted in Fig. 5 . They are placed near to each other and this area is regarded as the stable part of the network. Despite the minor coordinate changes and tilts, the agreement is excellent demonstrating the feasibility of the two different techniques. While the tendency of surface tilts is similar on the northern block both before and after the main event, magnitudes of tilts are smaller after the main event. The azimuth of maximum tilts varies between -99°and -120°(western direction). During the main event, the tilt amounted only to 7.6°(azimuth -100.1°) and the average horizontal translation and subsidence to 2.5 and 9.0 m. As for the southern block, the tilt components had opposite signs before and after the main event. The azimuth of maximum tilt ranged from +100°to +103°(eastern direction) before 12.02.2008, and varied between -60°and -70°(western direction) after the main event. On 12.02.2008, the maximum tilt was 18.9°(azimuth +84.2°), while the average horizontal displacement and subsidence amounted to 3.7 and 7.0 m. Tilt components of the southernmost sliding block resemble those of the northern block rather than the southern block. The azimuth of maximum tilts varied between -106°and -139°( western direction) for the interval of 09.02.2009 to 25.10.2012.
Tilt records and hydrological data
Measured borehole tilts, ground water and water level data of the River Danube are shown in Fig. 6 . The approximate average heights of water levels (DW1 ≈ 96.7 m, DW2 ≈ 91.5 m and DWL ≈ 82.5 m) indicate the East to South-East tilt of the water table. The water level fluctuations are rather smooth in well W2, as compared to well W1, which is located at a higher position. To investigate the effects of groundwater and river water fluctuations on tilting the available data were subjected to Pearson correlation analyses and multiple variable linear regression analysis. The calculated regression and correlation coefficients are given in Table 9 . The correlation analysis demonstrates that there is no significant (0.9 or above) direct correlation between DWL and tilt data, and this holds true also for the groundwater level and the eastern tilt component measured by T2.
Despite this fact, the MVR yielded significant regression coefficients between the tilts and water levels. Obviously, the regression coefficients (admittances) give the amount of tilt caused by a unit change in water levels (DW1, DW2 and DWL). It can be seen in Table 9 that the groundwater variations measured in the upper well W1 have the strongest effect on the tilt of the southern sliding block (T2). A groundwater level increase of 1 m in well W1 causes an eastward tilt of 1028.1 µrad (admittance: 1028.1 µrad m −1 ) and a northward tilt of 575.8 µrad of tiltmeter T2. By contrast, increasing groundwater levels in the lower well (W2) induce opposite tilt directions (e.g. a 1 m of groundwater change causes a southward tilt of 434.3 µrad). In general, the effect of water level variations of the River Danube is one order of magnitude smaller than that caused by groundwater level fluctuations. Obviously, as it can be inferred from the MVR analysis, the simultaneous falling of river water and rising of ground water levels in sediments making up the high bank play crucial role in its stability.
Finite element modeling
The main results of the numerical modeling in terms of the failure mechanisms and the shape and depth of simulated slip surfaces are displayed in Figs (Fig. 7b,c and Fig. 8 ). Indeed, a deformation zone with solifluction and rising of the ground was observed at the river's floodplain, confirming these simulation results. Furthermore, Fig. 8a demonstrates that various combinations of cohesion and friction angles of loess define different slip surfaces both in terms of shape and depth. Interestingly, simulations with material properties of loess types 3 and 4 produce similar slip surfaces to the situation when the slumping of rigid blocks occur over a plastic, clayey layer due to excess water (Fig. 8b) .
Discussion
The deformation monitoring and hydrological data together with numerical modeling provide insights into the underlying physical mechanisms of bank sliding. Clearly, as the multiple variable regression analysis between tilt and hydrological data demonstrated, the groundwater level variations have a considerable effect on tilting, and in general, on bank deformations. This effect is an order of magnitude higher than that caused by the water level changes of the River Danube. Groundwater levels have been increasing at the study site since 1980s as recognized by Kraft (2011) . While these levels were at 93-94 m above the Baltic sea level around 1980 (Kraft, 2011) , continuous recordings in W1 reveal 96-97 m levels at present. These changing hydrological conditions resulted movements and bank retreats since the 1970s and obviously affected the physical properties of the loess, fossil soil and clayey layers making up the high bank. The hydraulic gradient forces acting on the bank lead to preferential subsurface flows from the bank towards the river, especially at low river water stages. As recognized in the field, layers at the middle and low water levels of the riverbed actively discharge bank material (mostly yellowish, loess particulates) to the river water. Obviously, this is an erosive process as it mobilizes particles from the affected layers thereby reducing their shear strengths (Fox and Wilson, 2010) . At the same time, the measured uplift of points 1002, 1003 and 3000-3004 after the main sliding event may indicate the temporal movements of the bank material into the opposite direction (towards the west).
As presented in Section 3.3, the finite element modelling results point to the rotational nature of high bank sliding at Dunaszekcső. Also the single and double slider models of Karbon et al (2011) were based on this feature of the sliding. In our view, however, the nature of the bank deformations appears to be more complex: as the movements commence the sliding is rotational and subsequently it develops further as a slumping. Some of the field observations and geodetic monitoring data fit well with the rotational models, others are less consistent. While the tilts of moving blocks NB, SB and SMB (Table 6- Karbon et al., 2011) . The major shortcoming of the presented finite element model is that it is unable to reproduce the large lateral extrusion of bank material at the landslide's toe and the resulting emergence of shallows in the river bed. The double slider block model was introduced to solve this issue (Karbon et al., 2011 ). This latter model, however, requires a circular, deeply penetrating sliding surface in the clayey Pliocene-Lower Pleistocene layers (and another one in the loesspaleosol strata). Boreholes drilled after the main event revealed that loess and reddish soil layers rich in carbonate concretions making up the bank material here and also reddish, clayey sediment blocks eroded from the underlying clayey-sandy layers (Pliocene-Lower Pleistocene) are present at shallow depths (0-10 m) (Kaszás and Kraft, 2009) . Water content of these layers varied from 21% to 25 % and Kaszás and Kraft (2009) identified and interpreted the interface of the Middle to Late Pleistocene loess-paleosol sequence and the Pliocene-Lower Pleistocene clayey strata as the slip surface of sliding at Dunaszekcső. As admitted by Karbon et al. (2011) , this is a mechanically more likely scenario and it does not necessarily require older red clay material from considerable depths (50-60 m). Another issue is that if older clayey layers had emerged from greater depths along a curved slip surface, then these layers with hydraulic conductivity significantly lower than loess would not allow the communication between loess/fossil soil strata and the river and the observed discharge of loess/soil particulates into the river. Nevertheless, this issue remains open and additional geophysical measurements at the landslide's toe (riverbank) would be needed to gain more insight into this problem. The dynamic evolution of the high bank at Dunaszekcső is the result of the complex interplay of many factors and all the field observations and deformation measurements can be explained in a framework involving different geomorphological, geological-hydrological mechanisms and soil mechanical features. As such, previous sliding events certainly affected the high bank by creating cracks in the sediment mass that are visible on the roof of the Töröklyuk Cave (see Újvári et al., 2009) , thereby reducing rock strength. Moreover, sliding activity in the past could lead to the consecutive development of more than one slip surfaces as revealed by the finite difference model of Karbon et al. (2011) . These results and the field observations point to the retrogressive development of the high bank. While the lateral erosion of the Danube effectively removed the collapsed basal bank material, past slump material could impound groundwater flow towards the river leading to oversaturation of loess and soil strata. During this process, loss of matric suction, generation of positive pore water pressures and increase in unit weights of loess lead to reduced shear strength (Rinaldi and Casagli, 1999; Simon et al., 2000) and parts of the oversaturated mass slowly drifts towards the river, thereby causing slumping. Indeed, geodetic deformation data demonstrate that movements of the sliding blocks are dominated by vertical displacements (subsidence). Another crucial instrumental observation is the changing displacement rates of the moving blocks (from some mm month -1 to several cm month -1 ) before and after the main event (12.02.2008 ) and the fact that these movements are steady, i.e. the blocks have not yet reached an equilibrium state. In our view, one of the main factors in controlling and modulating the movements of sliding blocks is the varying basal pore water pressures. Clearly, shear zone volume changes (dilation or contraction) during slumping strongly affect basal pore water pressures thereby regulating basal Coulomb friction (Iverson, 2005) . For instance, contraction of basal material results in elevated pore pressures, producing a positive feedback, namely the acceleration of block deformations. Of course, this process is affected by floods of the Danube River through later seepage (Fox and Wilson, 2010) and by rain water infiltration, but the latter process has only a restricted effect. Thus, the sliding blocks move generally slowly and with varying speeds as determined by the main first-order triggers (groundwater and river water level changes), and secondary factors (basal shear zone deformations). Obviously, the main directions of these slow block movements are influenced by sediment masses of collapsed bank materials stemming from past landslides. The interplay of the aforementioned processes in the basal shear zone will finally lead to rapid movements on the order of several meters in a day as happened on 12.02.2008. Such bank failures are expected to happen along the River Danube on the recession limb of hydrographs as demonstrated in previous studies (Domján, 1952; Karácsonyi and Scheuer, 1972; Horváth and Scheuer, 1976; Újvári et al., 2009) , when the combination of the increase in pressure head, due to lateral infiltration from the river at high stages, and subsequent opposite, erosive seepage flow and reduced confining pressure of the river at low stages occurs.
Conclusions
Geodetic monitoring provides a wealth of information on bank deformations and a crucial issue is how the measured and calculated data can aid the planning of recommended actions to reduce, avoid or offset the adverse consequences of landsliding. By analysing our datasets and the observed bank deformations together, three important parameters emerge from the measured and calculated data: direction of displacement vectors, tilting, and the acceleration component of the kinematic functions. According to the observations, displacement vectors of the sliding blocks point towards the zone where the largest lateral displacements are expected. Before the main sliding on 12.02.2008 these vectors marked out the zone in front of the Sánc Moat, an artificial trench separating NB and SB blocks, and the bulge subsequently protruded into the river at almost the same location (Újvári et al., 2009) . Once the movements started affecting the southernmost part of the Vár Hill, the horizontal movement vectors slightly rotated and now they point to an area south of the bulge formed during the main event (Fig.  4) . It is that the largest lateral extrusions of bank material and deformation of the Danube River's bed will occur in this zone in the future. Another measured quantity, tilting and its direction and pace on the moving block can help in predicting the advent of the rapid movement phase, if the sliding has a rotation component (see Fig. 8 in Újvári et al., 2009; Mentes et al., 2012) . Furthermore, this study reveals that parameters of the kinematic functions provide additional knowledge on the nature of movements and approximate initiation of the rapid phase. As demonstrated by the calculated kinematic parameters (Tables  3-5) and observed bank deformations, the rapid phase is approaching once the accelerations of vertical displacements result in large velocities leading to intensive subsidence. In the time intervals Ia the velocities reached high values between -0.820 and -0.345 m y −1 just before the main event. Another important condition was that the affected layers were able to escape very rapidly into the riverbed of the Danube forming a bulge. The increasing but significantly smaller velocities in the SMB block, determined after the main event, may reach the necessary conditions again, or the effected layers will escape gradually for years into the Danube without intensive sliding. According to the geodetic observations the following phases of bank movements can be distinguished. 1) Initiation of deformations: coordinate changes may be significant, but the cracks are still invisible on the ground. 2) Cracks and ruptures are visible and the coordinate changes accelerate. 3) Significant accelerations result in very fast sliding under few hours. 4) After the mean event the sliding of sediment blocks continues for years before reaching an equilibrium state.
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